-methylguanine-DNA methyltransferase (MGMT). The effectiveness of alkylating chemotherapy is limited by MGMT in cancer cells and adverse toxic side effects in normal cells. Different approaches consisting in the modulation of the MGMT expression and activity are under development now to improve the cancer chemotherapy. They include two main directions, in particular, the increase in chemosensitivity of cancer cells to alkylating drugs and the protection of normal cells from the toxic side effects of chemotherapy. This review is focused on current attempts to improve the alkylating chemotherapy of malignant tumours worldwide and state of the issue in Ukraine.
Introduction. Alkylating agents are frequently used in the anticancer chemotherapy. These agents alkylate the genomic DNA at various sites [1] . Alkylation of the guanine at the O 6 -position is cytotoxic, it has the strongest mutagenic potential as well as can cause the tumor development [1, 2] . Different pathways of DNA repair are evolved in mammalian cells for self-defense against toxic and mutagenic effects, namely direct reversal repair, mismatch repair (MMR), nucleotide and base excision repair, as well as repair of double-strand DNA breaks and interstrand cross-links by homologous recombination and non-homologous end joining [3] [4] [5] . DNA adducts at the O 6 -position of guanine (such as methyl-, ethyl-, chloroethyl-group a. o.) of mammalian DNA are removed by the DNA repair enzyme O 6 -methylguanine-DNA methyltransferase (MGMT). This DNA repair enzyme belongs to the direct repair pathway, i. e. removes alkyl groups without DNA lesion, transferring them to an own cysteine residue by the mechanism of so-called «suicidal» reaction [1, 2] . The capacity of cells to repair the O 6 -alkylguanine depends on the levels of expression and activity of MGMT in cell or on the rate at which a cell can synthesize this enzyme. Thus, the activity of this alkyltransferase is the most important factor of the cell sensibility to cytotoxic and mutagenic effects of the alkylation, but just MGMT is one of the causes of tumor cell resistance to specific alkylating agents of chemotherapeutic drugs. Therefore, the MGMT is considered as one of the molecular marker for the prediction of the efficiency of the chemotherapeutic treatment of cancer cells. Different approaches of consisting in the modulation of the MGMT expression and activity have been developing now to improve the efficacy of cancer chemotherapy by alkylating agents and to reduce its toxic side effects.
For example, the MGMT gene transcription silencing, RNA interference, and the MGMT enzyme inactivation are among strategies to increase the sensitivity of cancer cells to alkylating drugs, while the drug dose reduction, the local drug administration, and the myeloprotective gene therapy are used for the protection of bone marrow cells from these drugs.
This review is focused on current attempts to improve the alkylating chemotherapy of malignant tumours in the world and state of this issue in Ukraine.
Alkylating agents and cancer therapy. Alkylating agents are classified into several groups, namely into classical, non-classical and alkylating-like agents (Table) . Among classical alkylating agents with true alkyl groups are nitrosoureas, which are often used in chemotherapy of brain tumors, because they have lipophilic properties and thus can cross the blood-brain barrier. Methylating and chloroethylating nitrosoureas have a strong cytotoxic effect on dividing cells causing the apoptotic cell death induced by the O 6 -alkylguanine, but the using of such type of medicine is non-effective in many cases because of the DNA repair by the MGMT enzyme.
A list of antineoplastic alkylating drugs approved for the use in Ukraine in therapy of different types of cancer by the order of Ministry of Health of Ukraine is given in the State form of medicines (# 173, March 17, 2009 ). This list is based on the previous order of Ministry of Health of Ukraine (# 514, September 05, 2008), but contains some changes and the information about interaction with other medicines and some features of drug use, in particular, main pharmacotherapeutic effects, indications for the use, modes and doses, side effects and complications, contraindications etc. (# 173, March 17, 2009 ). The medicines that are allowed for using in the cancer therapy in Ukraine are highlighted in bold in the Table. Many established cancer therapies involve the DNA damage radiotherapy and/or chemotherapy, in which different alkylating agents are used alone or in combination with other agents as the antineoplastic drugs. They have the ability to alkylate many nucleophilic functional groups under conditions existing in the cells, chemically modifying the DNA, RNA and proteins, impairing in such way biologically important cell functions [1] . The alkylating agent effectiveness is limited by adverse toxic side effects for normal cells, which defines maximum tolerated doses, especially for the cells that propagate frequently, for example the cells of bone marrow, gastrointestinal tract, testicles and ovaries.
Another major clinical barrier for the successful anticancer therapy is the inherent or treatment-induced resistance of tumor cells to the chemotherapeutic agents. 
The platinum analogues, as well as the tetrazines (dacarbazine, temozolomide) are sometimes described as non-classical. The agents allowed to use in Ukraine are highlighted in bold [4, 5] .
The alkylating agents used in the chemotherapy as anticancer drugs
The effectiveness of antineoplastic agents is dependent not only on an appropriate choice of drugs at certain type of cancer and scheme of therapy, but also on different DNA repair systems. For example, as abovementioned, the MGMT can cause the resistance of cancer cells to alkylating agents via direct repair of the O 6 -alkylguanine. The effectiveness of anticancer therapy depends also on the activity of post-replication MMR system (in case of the methylating agents) or other systems of the DNA repair and recombination (in case of the chloroethylating agents) [1] . The resistance of cancer cells to alkylating agents can be caused also by repeated treatment with a drug. Such acquired resistance is frequently observed in tumor therapy, in particular in melanoma treatment with fotemustine [6] , glioma -with temozolomide (TMZ) [7, 8] . It has been shown on the cell line models that the glioma cells, acquired resistance to TMZ, had at least two different mechanisms consistent with clinical observations, namely the MGMT re-expression or MMR inactivation and the recruitment of key base excision repair enzymes [9] . For the extensive review on mechanisms of chemoresistance of malignant glioma cells see [10] .
It has been observed that the MGMT promoter methylation is correlated with a better outcome of alkylating agent therapy of malignant brain tumors and prolonged survival of patients [11] suggesting the MGMT promoter methylation status is a predictive marker for clinical outcome in glioma therapy [12] . However, it has been revealed in clinical trial of TMZ in advanced malignant melanoma that pretreatment levels of MGMT in melanoma cells did not predict the clinical response to TMZ [13] , assuming probably a higher frequency of reinactivation of the MGMT expression in melanoma cells. Thus, MGMT is one of the most important factors of normal and cancer cell sensitivity and response to the alkylating drugs that can cause the chemoresistance.
The examination of the MGMT promoter methylation status and/or the MGMT expression level together with the p53 expression analysis in tumors are important steps in individual approach to the choice of alkylating agents and clinical protocols of the treatment of gliomas and malignant melanomas. As mentioned above, such approach is used in the chemotherapy of malignant brain tumors. However, this diagnostics, unfortunately, is not being carried out in Ukraine. Analysing the recom- Approaches to improve the chemotherapy of cancer. Taking into consideration the above outlined barriers of the to successful treatment of malignant tumors by alkylating agents, different approaches of the modulation of the MGMT expression and the enzyme activity are developing now as possible strategies of the chemotherapy improvement. They include two main directions, in particular, the MGMT inactivation in cancer cells to increase the chemotherapy efficiency, and the MGMT activation in bone marrow cells or local drug administration to protect normal cells from the toxic effect of alkylation agents ( Figure) .
The increase in tumor cell sensitivity to alkylating drugs. Silencing of the MGMT gene (repression of the transcription), silencing of the MGMT protein biosynthesis (RNA interference), and the MGMT enzyme inactivation belong to strategies to increase the sensitivity of cancer cells to alkylating drugs ( Figure) .
The repression of the MGMT gene transcription can be achieved in different ways, for example by using transcription factors, epigenetic changes of the gene promoter region, the gene body or chromatin. However, it will be difficult to implement these approaches in clinic due to the lack of knowledge about the subtle mechanisms of transcription regulation of the MGMT gene and consequences of their clinical use.
Oncolytic viruses possess an inherent tropism to tumour cells, so they are being investigated for selective replication in cancer cells and their destruction. Some academic labs and companies work with adenovirus or other viruses to study a viral therapy of cancer [14, 15] . It has been shown that the E1A gene product of adenovirus efficiently down-regulates MGMT due to the prevention of p300 from the recruitment to the MGMT promoter and may thus reduce chemoresistance, suggesting a possibility of the combined chemotherapy and viral therapy [7, 8] . The first viral therapy of cancer in the world was approved for research in China several years ago and passed the phase I to phase III clinical trials for treating head and neck cancer [14, 16] . Several recombinant vaccinia virus products for cancer therapy have been also developed by Jennerex Biotherapeutics Inc. company (USA).
In spite of up-and-coming prospects of viral therapies, the main obstacle is the human adaptive immune response and virulent strains that arised and did not dissapear during viral replication in tumours.
The RNA interference (RNAi) as a technology to silence gene expression can be also used to silence the MGMT gene. It has been shown that transfection of in vitro cultivated cells with the MGMT-targeted shortinterfering RNA increased cell sensitivity to alkylating agents, for example human nasopharyngeal carcinoma HONE-1 cells to carmustine (BCNU) [17] and malignant glioma cells to TMZ [18] . It is suggested the clinical use of the RNAi strategy to sensitize cancer cells to the alkylating drugs. However, among significant problems, which prevent the in vivo RNAi application targeted to MGMT, are incomplete silencing of a target gene and so-called off-target effects, non-specific immune responses, and a major challenge -in vivo delivery.
The depletion of MGMT. The MGMT enzyme may be inactivated in two ways, namely by using the alkylating agents which inactivate this enzyme indirectly via the direct reversal DNA repair, as well directly by using the low-molecular MGMT inhibitors.
The dose-dense schedules of cancer chemotherapy and combinations of the alkylating agents have been studied as strategies to deplete the MGMT enzyme and increase cancer cell sensitivity to the chemotherapy. The dose-dense regimen was considered as one of the most important tools in the conventional chemotherapy of patients with potentially curable malignancies [19] . The data on efficacy, safety and toxic side effects of dose-dense TMZ regimens in patients with recurrent glioma and advanced metastatic melanoma are reviewed in [20] . A proper drug combination can also deplete MGMT. For example, it has been shown that methylating agents are able to reduce the MGMT activity prior to the administration of chloroethylating agents. However, the high-intensive chemotherapy causes the MGMT depletion not only in tumor cells, but also in Different strategies of two main approaches to improve the cancer chemotherapy by using alkylating drugs normal cells, thus increasing toxic side effects, in particular myelosuppression and therapy-related secondary tumours (see below) [21] . The MGMT activity can be blocked by inhibitors of this enzyme, low molecular weight pseudosubstrates, used prior to the alkylating agent chemotherapy [22] . Among the MGMT inhibitors are analogues of the O 6 -methylguanine in DNA, namely the O 6 -benzylguanine (O 6 -BG) and the O 6 -(4-bromothenyl)guanine (Lomeguatrib, LM, Patrin, PaTrin-2).
It has been shown in human tumour cell lines, xenograft models of different cancer types, as well as in clinical trials that inactivation of MGMT by the pseudosubstrate inhibitors sensitizes tumour cells to the alkylating and alkylating-like agents [23, 24] . The chemotherapy regimens of O 6 -BG in combination with BCNU, TMZ and Gliadel ® (wafer of polifeprosan 20 with BCNU) are in clinical development. Now, the Phases I and II of several clinical trials of the O 6 -BG and BCNU or TMZ combination are completed, and the Phases II and III are still ongoing in brain tumors, colon cancer, lymphoma, melanoma or sarcoma. For instance, the Phase I clinical trial of coadministration of O 6 -BG and BCNU was conducted in USA in the patients with advanced solid tumors (malignant gliomas, melanomas) and with lymphoma [25] . Also, the combination of a bolus injection of O 6 -BG with implanted Gliadel ® wafers in adult patients with recurrent glioblastoma multiforme improved the efficacy of implanted Gliadel ® wafers in the Phase II trial [26] . In another Phase II clinical trial, the coadministration of O 6 -BG with TMZ has been studied in the patients with progressive malignant glioma (USA) [27] . Though the use of O 6 -BG gave a possibility to reduce a dose of alkylating drug, it causes primary bone marrow suppression which may be cumulative in the combination with alkylating drug, so other pseudosubstrates of the MGMT enzyme are currently being developed and investigated.
LM is another MGMT pseudosubstrate, which is less toxic and more potent inactivator of this enzyme, than O 6 -BG. The inhibitory activity of LM has been shown in preclinical studies, in particular in human primary cells, tumor cell lines and xenograft models including breast tumors [28] , acute leukaemia [29] , melanoma [30] , ovarian cancer [31] , as well as in clinical trials.
The Phase I clinical trials of combined TMZ and LM treatment of the patients with melanoma conducted at Christie Hospital and at University College have been completed (London, U. K.) [32] and now the Phase II trials are ongoing. Also, there was conducted another randomized trial of the LM-TMZ combination in chemotherapy of the patients with metastatic unresectable stage III or IV cutaneous melanoma [33] .
The LM-TMZ combination in treatment of patients with inoperable stage IV metastatic colorectal carcinoma has been shown to be inefficient in a multi-centre Phase II clinical trial conducted in U. K. (Christie and Churchill Hospitals) and Australia (8 centres) [34] . However, the therapy of patients with metastatic colorectal cancer using a combination of LM and irinotecan (the Phase I trial) was more successful [35] . No advantage of the combined therapy by LM-TMZ over conventional TMZ administration has been also observed in the Phase I study melanoma treatment in the patients with advanced unresectable stage III or IV cutaneous or unknown primary melanoma metastases [36] .
LM is also being trialled in USA in combination with dacarbazine for melanoma and in Italy in combination with TMZ for leukaemia treatment (data on website of Carcinogenesis group, Paterson Institute for Cancer Research, The University of Manchester, U. K.).
However, it has been revealed that the systemic administration of O 6 -BG-based inhibitors of MGMT and their combination with alkylating agents causes depletion of MGMT in all tissues of the body enhancing the cytotoxicity and the induction of GC to AT transition mutations presumably in stem cells, so the strategies to protect normal cells during the cancer chemotherapy are also being investigated.
The reduction of toxic side effects of alkylating drugs. It is known that the alkylating agents have toxic side effects in normal cells that divide frequently. These agents can cause secondary tumors, for example, leukemia. Their carcinogenic role has been shown in animal models, as well in clinical studies [21] . The acute myeloid leukemia is the most frequent late complication of the alkylating agent chemotherapy and/or radiotherapy, as well as the chemotherapy with topoisomerase-II-inhibitors and antimetabolites [21, 37] . Thus, a decrease in a toxic side effect of drugs is an important task in cancer therapy. Drug dose reduction, local drug administration, and myeloprotective gene therapy are among the strategies of the protection of bone marrow cells from alkylating drugs (Figure) .
The dose reduction of alkylating drugs can be achieved by coadministration with the MGMT inhibitors. For more details see above «The depletion of the MGMT».
In the strategy of the local drug administration an alkylating agent alone or in combination with the MGMT inhibitor, for example O 6 -BG, is administered directly into the tumour area to reduce the drug toxicity to the organism. Several approaches to melanoma therapy have been developed in animal model and studied in clinic. It has been shown in a rat model that the concomitant application of hyperthermia during an isolated limb infusion of TMZ has improved the efficacy of melanoma therapy [38] . A significant improvement of melanoma antitumor responses with a tumour growth delay and minimal toxicity has been also shown in another study of regional therapy of human melanoma xenografts of the extremity in nude rats by using parenteral TMZ administration in conjunction with O 6 -BG [39] . In the same animal model it has been shown that therapy with a regional infusion of TMZ was more effective for the xenograft with the lowest MGMT activity than melphalan which was more effective at the highest MGMT activity [40] .
To optimize the response of recurrent melanoma of human extremity and to minimize drug toxicity to normal cells it has been used a regional therapy with two procedures, namely hyperthermic isolated limb perfusion and isolated limb infusion [41] . This therapy provides a way to deliver a chemotherapy drug locally to extremity in a higher dose.
The local administration of alkylating drug into the area after tumour resection in combination with a systemic infusion of O 6 -BG [42, 26] and the intracerebral administration of O 6 -BG combined with systemic chemotherapy with TMZ [43] are new strategies of the local brain tumour therapy. In the Phase I trial held in USA the optimal dose of O 6 -BG coadministered intravenously as a continuous infusion with intracranially implanted Gliadel ® wafers has been studied in adult patients with recurrent malignant glioma [42] . In the Phase II trial of Gliadel ® wafers it has been shown that a systemic administration of O 6 -BG can have side effects, among which an increased risk of hydrocephalus, cerebrospinal fluid leak, and cerebrospinal fluid/brain infection despite the therapy efficacy improvement [26] . In another study of systemic chemotherapy of recurrent glioblastoma with TMZ, local MGMT inactivation has been achieved by the intracerebral administration of O 6 -BG in the tumour cavity [43] . It has been shown that this strategy might be safe for improving glioma therapy without increasing drug-induced systemic toxic side effects.
Different strategies of the myeloprotective gene therapy have been studied to increase the level of the MGMT expression in peripheral mononuclear blood cells [44] . Among them is the ex vivo transduction of hematopoietic stem cells transfected by the vectors expressing mutant forms of the MGMT protein coupled with the simultaneous use of pharmacologic MGMT inhibitors and alkylating drugs [44, 45] . Such mutant MGMT proteins (e. g. G156A, P140K) are resistant to the inactivation by pseudosubstrates, such as O 6 -BG, LM. This innovative approach in the cancer chemotherapy has a main goal to protect hematopoietic cells and enhance the DNA repair activity by stably integrating gene vectors that express MGMT. Therefore, the potent expression cassettes have been designed which can be used as potentially useful in the clinic MGMT vectors, an important component of which is formed by active enhancer sequences. However, it has been revealed that the vectors with strong enhancers are more likely to induce adverse events related to insertional mutagenesis [45] . Also, it is suggested that in the absence of alkylating agents high expression of the P140K mutant can induce a selective disadvantage. Considering these observations, now the attempts to generate clinically useful and safe MGMT vectors have being done.
The defence of bone marrow-derived hematopoietic progenitors from toxic side effects of the chemotherapeutic alkylating drugs (for example BCNU or TMZ) and O 6 -BG by using oncoretroviral transduction of the mutant form of MGMT G156A into mouse and human hematopoietic progenitors has been presented in early papers devoted to the myeloprotective gene therapy [46] [47] [48] . However, it has been shown that hematopoietic stem cells expressing the P140K mutant form of MGMT were more O 6 -BG-resistant under stringent drug-selection competition than the G156A [49] . So, the papers about the mouse model of transplantation of hemato-poietic stem cells transfected by vectors expressing the P140K appeared a few years later [50, 51] . It has been found that the retroviral co-expression of the P140K with either p-glycoprotein or multidrug resistance-related protein 1 may provide an effective in vivo protection of hematopoietic cells during the cancer chemotherapy [52] . An increased protective effect of the simultaneous overexpression of the multidrug resistance-related protein 1 and the P140K has been also shown in a more recent study [53] . A bicistronic lentiviral vector overexpressing these two drug-resistance genes provided the protection of leukemia cell line HL60 against O 6 -BG and nimustine (ACNU) plus paclitaxel therapy as well as the protection of human hematopoietic CD34 + stem cells against both monotherapy with O 6 -BG-TMZ and combined therapy with O 6 -BG-TMZ plus paclitaxel.
Since self-inactivating retroviral vectors lacking enhancer-promoter sequences in the long terminal repeats were related to insertional mutagenesis, it has been studied the potency of gammaretroviral and lentiviral vectors expressing the P140K mutant under control of enhancer-promoter sequences located either in the long terminal repeat or downstream of the packaging region to internal initiation of transcription from self-inactivating backbones [54] . It has been revealed that gammaretroviral vectors with intact long terminal repeats containing enhancer-promoter sequences showed both higher titres and higher expression levels than the lentiviral counterparts, as well as a higher transduction efficiency on proliferating human CD34 + cells [54] . The potential utility of lentiviral vectors for the drug-resistant gene transfer to human hematopoietic stem cells for in vivo selection and marrow protection has been studied because of their enhanced ability to transduce nondividing cells [55] . The use of the P140K provided efficient post-transduction selection of human cells using lentivirus under low-multiplicity of infection conditions that did not require cytokine stimulation or viral concentration, and the therapeutic drug combination of BCNU and O 6 -BG [55] . Besides, it has been shown a possibility to transfer the P140K into long-term repopulating hematopoietic stem cells by using foamy virus, because such systems may integrate in the positions that modulate host gene expression to a less extent than oncoretroviral or lentiviral vectors [56] . The expression of P140K under control of weaker promoter/enhancers in gammaretroviral vectors sufficient for in vivo protection and selection of the transduced mouse bone marrow cells following the treatment with O 6 -BG and TMZ has been also studied to avoid insertional mutagenesis and other consequences caused by strong enhancer elements [57] .
The human mutant form of MGMT P140K is also used in other gene therapies to increase the percentage of gene-modified cells after transplantation, for example in anti-retroviral therapy of human immunodeficiency virus infection [58] .
The data obtained in mice encourage further investigations in large animal models and clinical trials. Thus, gene transfer of the mutant MGMT (e. g. P140K) into hematopoietic stem cells provides a mechanism for the alkylating drug resistance and the selective expansion of gene-modified cells in vivo. A possible clinical application of this myeloprotective gene strategy is chemoprotection that allows a dose escalation of the alkylating chemotherapy.
Unfortunately, at the moment the abovementioned strategies are not in clinical trials in Ukraine, except for dose-dense regimens of the cancer chemotherapy and combinations of alkylating agents. Hopefully, this review will stimulate the scientists in Ukraine to study the problem of improvement of the cancer chemotherapy by using the alkylating agents.
Conclusions. The alkylating agents are frequently used in the cancer chemotherapy, so the relative level of expression of the DNA repair enzyme MGMT, which repairs the O 6 -alkylguanine caused by these agents, in tumor cells may determine the response to these drugs. The modulation of the MGMT expression and activity in tumor and normal cells is currently being investigated to improve the cancer therapy by using the alkylating agents. Two main approaches to the improvement of such chemotherapy are discussed in the review. The first one is an increase in the efficiency of cancer chemotherapy due to the MGMT inactivation. The MGMT gene transcription repression, RNA interference, and the MGMT enzyme activity depletion by using the dose-dense cytotoxic chemotherapy drug schedule, a combination of alkylating agents with/or without pseudosubstrate inhibitors of MGMT are the strategies of this approach. The second approach has been developed to protect normal cells from the toxic effect of the alkylating drugs. It also includes several strategies, namely the drug dose reduction, the local drug administration and the myeloprotective gene therapy, which implies the MGMT activation in bone marrow hematopoietic cells.
The results of preclinical and clinical researches involving various aspects of the MGMT modulation could provide prospects for therapy of melanoma, glioma and other cancer types irresponsive to the alkylating agents. A variety of strategies for improving the cancer therapy have been studied in clinical trials in different countries. Further studies are needed for successful clinical use of developed strategies, and especially at least the MGMT expression analysis during the choice of alkylating drugs and therapy scheme for the patients with aggressive malignant tumours.
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